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We present the materials growth and properties of both epitaxial and amorphous films of Gd2O3
(k514) and Y2O3 (k518) as the alternative gate dielectrics for Si. The rare earth oxide films were
prepared by ultrahigh vacuum vapor deposition from an oxide source. The use of vicinal Si ~100!
substrates is key to the growth of ~110! oriented, single domain films in the Mn2O3 structure.
Compared to SiO2 gate oxide, the crystalline Gd2O3 and Y2O3 oxide films show a reduction of
electrical leakage at 1 V by four orders of magnitude over an equivalent oxide thickness range of
10–20 Å. The leakage of amorphous Y2O3 films is about six orders of magnitude better than SiO2
due to a smooth morphology and abrupt interface with Si. The absence of SiO2 segregation at the
dielectric/Si interface is established from infrared absorption spectroscopy and scanning
transmission electron microscopy. The amorphous Gd2O3 and Y2O3 films withstand the high
temperature anneals to 850 °C and remain electrically and chemically intact. © 2001 American
Institute of Physics. @DOI: 10.1063/1.1352688#I. INTRODUCTION
Nanoscale device technology is stimulating intense study
of very thin dielectric layers on semiconductors. The aggres-
sive scaling of complementary metal–oxide semiconductor
technology calls for identifying high k dielectrics to replace
SiO2 gate oxides, of which the thickness is now approaching
the quantum tunneling limit ;10–15 Å. This is not a sharp
physical limit, but rather the point beyond which the leakage
current due to tunneling ~about 1–10 A/cm2! becomes the
dominant leakage mechanism in current device designs.
There is also a hard physical limit below which SiO2 will no
longer maintain its bulk electronic structure, and this appears
to be about 7 Å.1,2 An alternative solution is to identify a
new insulator with a dielectric constant substantially greater
than that of SiO2 (k53.9), so that the dielectric thickness
can be then increased proportionally. A number of amor-
phous metal oxides, such as Al2O3 (k58), Ta2O5 (k
523), and TiO2 (k580) have emerged over the past two
years.3–5 Recent experiments using HfO2, ZrO2, and Hf- or
Zr-silicate have shown impressive results with an equivalent
oxide thickness teq defined as t (kSiO2 /koxide) reducing from
the initial 21 Å to as low as 11 Å.6–8 Somewhat more revo-
lutionary, and correspondingly more difficult to make prac-
tical, advances in oxide epitaxy in a few laboratories have
led to single crystal oxides being grown on Si surfaces show-
ing an abrupt interface.9 However, in many cases the forma-
tion of an interfacial SiO2 layer at least 10 Å thick seems
inevitable. The other approach of using gate dielectric stacks
with, for example, a thin ~10 Å! SiNx buffer layer, has pre-
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loaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP livented direct reaction of the dielectrics with Si.10 Unfortu-
nately, this often makes the total equivalent oxide thickness,
teq exceed 15 Å.
In the search for proper candidates of alternative dielec-
trics, there are a number of stringent requirements that need
to be fulfilled. This new dielectric material should be ther-
modynamically stable in contact with Si surface at tempera-
tures exceeding 1000 K in order to prevent reactions leading
to the formation of SiO2 or metal silicides.11 Calculations of
Hubbard and Schlom have shown that among the binary ox-
ides only the alkaline earth oxide, IIIB, IVB oxide, and rare
earth oxide would be suitable candidates.11 The dielectrics
should have a low diffusion coefficient to withstand high
temperature processing. For gate oxide application, the di-
electrics should form high quality interfaces with Si with low
interfacial state density, D it , and little interfacial roughness.
Dielectric films in amorphous form are usually preferred
over the crystalline form due to the absence of grain bound-
aries as easy pathways of leakage. However, the amorphous
oxides ought to recrystallize at a sufficiently high tempera-
ture to avoid electrical degradation after postprocessing. The
last, but not the least, requirement is that they have barriers
with electrons or holes greater than 1 V, in order to have low
leakage currents due to Schottky emission.12 Thus the con-
duction band offset became another critical factor in the se-
lection of dielectric materials.
The rare earth oxides are attractive candidates based on
thermodynamic energy considerations and a high conduction
band offset over 2 eV.12 Our interest in the rare earth oxide
also stems from our earlier work on GaAs passivation.13,14 It
was demonstrated that Gd2O3 (k514) epitaxial thin films
grown by ultrahigh vacuum ~UHV! vapor deposition formed
an excellent insulating barrier with low D it , and that led to
the first GaAs based metal–oxide–semiconductor field effect
transistor ~MOSFET! devices. In this article we present the0 © 2001 American Institute of Physics
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Downgrowth and properties of Gd2O3 (k514) and Y2O3 (k
518) materials in both crystalline and amorphous phases as
the new gate dielectrics for Si.15 Both materials exhibit at-
tractive features, although Y2O3 is potentially better than
Gd2O3 due to its higher dielectric constant and the absence of
magnetic ions in the oxide.16
We will describe in this article our unique approach of
growing these dielectric oxides. By limiting the oxygen par-
tial pressure to less than 1029 Torr during growth, oxidation
of the Si surface can be completely avoided. One critical
aspect of the dielectric film growth is the elimination of do-
main boundaries that requires control of the surface structure
and interface chemistry.9 We show that the use of vicinal
Si~100! substrates is the key to produce single domain,
~110!-oriented epitaxial films.
The film structures and interfaces were characterized by
a number of structural and surface probes including reflec-
tion high energy electron diffraction ~RHEED!, x-ray diffrac-
tion ~XRD!, atomic force microcopy ~AFM!, and scanning
transmission electron microscopy ~STEM!. The chemical
properties were analyzed by using infrared absorption spec-
troscopy and x-ray photoemission spectroscopy ~XPS!. Infra-
red absorption spectroscopy reveals that the interface be-
tween Gd2O3 and Si is free of SiO2 segregation ~,0.1 Å
SiO2). This is also confirmed by direct STEM observation.
Absence of SiO2 at the dielectric/Si interface is especially
important because a significant thickness budget for the di-
electric layer is gained, and this is one distinct advantage
over other approaches using gate dielectric stacks.10
Furthermore, the electrical results of I – V and C – V data
of both crystalline and amorphous films will be compared.
Both Gd2O3 and Y2O3 crystalline films show a leakage cur-
rent density of 1023 A/cm2 at 1 V for a teq of 15 Å. This
result compares favorably to the present best data for a SiO2
gate oxide 15 Å thick. The amorphous Gd2O3 and Y2O3 films
form thin, smooth overlayers on a regular Si surface, and
have an excellent leakage as low as 1026 A/cm2 at 1 V es-
pecially for a Y2O3 layer of a teq of only 10 Å. The interfa-
cial state density for D it at the midgap was deduced to be
about 1011 cm22 eV21. Finally, we show that these amor-
phous dielectrics withstand the postannealing tests to a tem-
perature of 850 °C, as corroborated by the XPS analysis.
II. DIELECTRIC FILM GROWTH
All the oxide dielectrics were grown in a multichamber
ultrahigh vacuum system under conditions similar to our pre-
vious work.13,14 Prior to growth, 2 in. Si wafers were cleaned
by the Radio Corporation of America ~RCA! method, hydro-
gen passivated by a buffered hydrofluoric acid solution, and
then inserted into the ultrahigh vacuum system immediately.
RHEED was used to monitor the quality of the hydrophobic
surface. After heating to 450–500 °C, the Si surface showed
a conversion of the RHEED patterns from a weak (131) to
a brighter (231) reconstructed pattern, as a signature of a
clean Si surface free of impurities or oxides. The background
pressure was maintained about mid 10211 Torr. Powder
packed ceramic Gd2O3 and Y2O3 sources were used for elec-
tron beam evaporation. After extensive outgasing of theloaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP lisources, we achieved a pressure as low as 1029 Torr during
deposition at a typical oxide growth rate of 20 Å/min. The
primary species of residual gases during growth were 16O
and 32O. Substrate temperatures for depositing crystalline
and amorphous films were about 550 and 25 °C, respectively.
III. CHARACTERIZATION TECHNIQUES
The overall structural properties in reciprocal space were
characterized by x-ray diffraction using a rotating anode
source equipped with a triple crystal, four-circle
diffractometer.17 The oxide film thickness was determined by
ellipsometry and the fringe pattern of low angle x-ray
diffraction.14 The surface morphology was imaged by atomic
force microscopy using a Digital Instruments nanoscope III
in the tapping mode with etched Si tips. The detailed struc-
ture and interface were examined by scanning transmission
electron microscopy ~STEM! performed in a JEOL-2010F
field emission microscope operated at 200 kV.18 The probe
was focused to a 1.6 Å diameter spot, with 15 pA of beam
current. A 200 Å Si capping layer was grown in situ over the
Gd2O3 films before they were removed from the chamber, to
protect them from any reactions with the atmosphere. The
samples were cross sectioned perpendicular to the Gd2O3 /Si
interface using mechanical tripod polishing. Very thin Gd2O3
layers proved to be water soluble, so the last 10 mm of pol-
ishing were performed using oil and diamond papers instead
of slurries. The samples were then ion milled at 2 keV to
remove the amorphous damage layer and immediately placed
in the microscope column.
Infrared absorption spectroscopy was performed with a
Nicolet Magna interferometer operated at a 4 cm21
resolution.19 Thin Gd2O3 films ~50–150 Å! were probed us-
ing a transmission geometry at either 60° or normal inci-
dence to achieve the best sensitivity to both the Gd2O3
phonons and the possible SiO2 signature at the interface. The
x-ray photoemission spectroscopy was performed by using a
Physical Electronics 5600 spectrometer, utilizing monochro-
matic Al Ka radiation and a hemispherical analyzer. Ion
sputtering was done with a 4 keV Ar1 ion beam.
Au/Pt dots of 75, 100, and 150 mm in diameter were
evaporated to the oxide surface as electrodes. The C – V mea-
surements were performed in a probe station using a HP
4284A. The I – V curves were taken using a HP 4140B with
a pico-ammeter and a voltage source.13,14 The other probe
was placed to the back of Si substrates ~either n type or p
type! with a dopant concentration ;1018 cm23.
IV. STRUCTURAL AND CHEMICAL PROPERTIES
A. In situ reflection high energy electron diffraction
Crystals of Gd2O3 and the Y2O3 have a similar cubic
Mn2O3 structure with a large lattice constant ~10.81 and
10.60 Å, respectively!. Considering two Si unit cells, the
lattice mismatch with the Si ~100! surface is within 0.5%–
2.5%. Intuitively, a cube-on-cube epitaxy between a Y2O3
~100!-oriented crystal and the Si ~100! surface is expected.
However, both RHEED and x-ray diffraction show that a
~110!-oriented Y2O3 of twofold symmetry was grown on thecense or copyright; see http://jap.aip.org/about/rights_and_permissions
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Down~100! Si surface of fourfold symmetry, leading to the forma-
tion of two ~110! variants of equal probability in the growth
plane. Similar results were observed earlier by Harada
et al.20 and Choi et al.21 The growth of rare earth oxide film
in two variants on Si will result in higher electrical leakage
current, thus not favorable for device consideration.
The twofold degeneracy was removed effectively with
the use of vicinal ~001! Si substrates of 4° miscut along the
@11¯0# direction. The miscut surface exposes surface steps of
double atomic layers, thus giving monodomain Si terraces of
a spacing ;80 Å for nucleating ~110! rare earth oxides
(Y2O3 or Gd2O3) single variant. The RHEED pattern in
Fig. 1~a! shows the vicinal Si surface along the in-plane di-
rections of @110# and @11¯0# . The RHEED pattern for single
domain, ~110! oriented Y2O3 film 70 Å thick is shown in
Fig. 1~b! along the @001# and @11¯0# axes in the plane. The
in-plane epitaxial relationship between ~100! Si substrate
and (110)Y2O3 film is @001#Y2O3i@110#Si and
@11¯0#Y2O3i@11¯0#Si . As for the two variant Y2O3 films, the
RHEED pattern consists of mixtures of both @001# and @1¯10#
components.
B. X-ray diffraction
The longitudinal x-ray diffraction ~XRD! scans along the
Si surface revealed a number of interesting features. Shown
in Fig. 2~a! are the fringe patterns at small angles for a series
of single domain Gd2O3 films, as a result of coherent inter-
ference from two interfaces in the epitaxial films, i.e., air/
oxide and oxide/Si interfaces. While the fringe period is in-
versely proportional to the film thickness, the decay of the
fringe amplitude is a measure of the film thickness unifor-
mity. Judging from Fig. 2~a!, we conclude that the thickness
of the epitaxial films is quite uniform. Furthermore, this
method of thickness determination agreed well with our cali-
bration of the deposited film based on the ellipsometry
method and yielded consistent results especially for very thin
films.
Gd2O3 and Y2O3 films deposited at room temperature
showed the complete absence of a diffraction pattern in both
FIG. 1. In situ RHEED patterns of ~a! 4° miscut ~001! Si surface along
@110# and @11¯0# axes and ~b! ~110! single domain Y2O3 film 70 Å thick
along @001# and @11¯0# axes.loaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP liRHEED and XRD. Figure 2~b! is the low angle diffraction
for an amorphous Y2O3 film 4.5 nm thick. The fact that the
oscillation decays slowly, and extends up to six orders of
fringes suggests that the amorphous films form very uniform
and smooth coverage, and qualitatively speaking, are
smoother than the epitaxial films.
The Gd2O3 films grown on Si ~100! substrates exhibit a
broad peak near 2u547.5° for the ~440! reflection, and the
width becomes sharper with increasing film thickness. This
is similar to the epitaxial growth of ~110! oriented Gd2O3 on
GaAs ~100!.14 However, in search of in-plane components
for $222% reflection, we found four $222% Gd2O3 peaks for a
360° f cone scan about the surface normal, indicating that
films grow in both degenerate orientations with equal prob-
ability. The reciprocal space studies on the samples grown
on 4° miscut Si ~100! substrates reveal again a well-ordered
structure with a typical mosaic spread of 2° wide. The film is
predominantly oriented in one type of domain, with the @001#
FIG. 2. X-ray u–2u scans at low angles of ~a! the ~110! single domain
Gd2O3 films of 196, 125, and 34 Å, respectively, and ~b! amorphous Y2O3
films 45 Å thick. The solid curve is a calculated diffraction intensity best fit
to the data.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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Downaxis of the Gd2O3 parallel to the step edges; i.e., the @110#
axis of the miscut substrate. Figure 3 shows the $222% reflec-
tions resulting from both orientations. The two weak peaks
are separated by p from the two strong ones corresponding
to the two different orientations. From the intensity analysis,
the orientation preference depends on the film thickness. No-
tably, 95% of the film is grown in the preferred orientation
for the thin 34 Å film, and that number increases to 99% for
the thicker 196 Å film. This evidence suggests that beyond
some critical thickness ~;100 Å! domains with the wrong
orientation start to get buried beneath.
C. Atomic force microscopy
The surface morphology of the oxide films was imaged
using atomic force microscopy ~AFM!. Figure 4~a! shows
the surface of a two domain crystalline Gd2O3 film ;45 Å
thick deposited on a regular Si ~100! substrate. The surface
shows evidence of pitting, with pits ranging in size from
about 300 to 750 Å wide. The depth of the pits was difficult
to determine, as it was impossible to image the bottom of the
pit due to the shape of the AFM tip, although the smaller pits
were at least 10 Å deep, and the largest pits were at least 75
Å deep. The root-mean-square ~rms! surface roughness of
this film was measured to be 1.7 Å using a method described
previously.22 Figure 4~b! shows the surface of a correspond-
ing amorphous Gd2O3 film ;46 Å thick also on a regular Si
~100! substrate. The surface of the amorphous film is notably
smoother than that of the crystalline film, and shows no evi-
dence of pitting. The surface roughness is 1.0 Å rms, and is
very similar in appearance to the underlying substrate.
FIG. 3. 360° f scans about the surface normal for the in-plane components
of the $222% reflection of the ~110! single domain Gd2O3 films of 196, 125,
and 34 Å, respectively.loaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP liSeveral amorphous Y2O3 films were also examined, with
thicknesses varying from 33–84 Å. All of these films were
similar in appearance to the amorphous Gd2O3 film, and had
roughnesses in the range of 1.1–1.3 Å rms, comparable to
that of the underlying Si.
D. Infrared absorption spectroscopy
The chemical properties of Gd2O3 oxide films and the
interface with Si were characterized by the infrared absorp-
tion spectroscopy.19 To maintain the integrity of the Gd2O3
film throughout postprocessing, a thin amorphous silicon
film was deposited in situ onto the Gd2O3 film prior to atmo-
spheric exposure. The presence of this film made it possible
to HF etch both the amorphous front and crystalline back
silicon surfaces, leaving them H terminated, and insuring
that only interface oxide ~if any! would contribute to the IR
absorption spectrum. Each spectrum was referenced to a
piece of similarly HF-etched silicon substrate without Gd2O3
film deposited on top.
We have measured thick ~150 Å! and thin ~50 Å!
samples for both crystalline and amorphous Gd2O3 films.
FIG. 4. 232 mm AFM images of ~a! two domain, crystalline and ~b! amor-
phous Gd2O3 films on Si~100!. The height scale for both images is 20 Å.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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DownThe Gd2O3 phonon band is clearly visible at 600 cm21, and
its intensity scales with the film thickness. Shown in Fig. 5
are the data in solid curves, and the dotted curve is an RCA
oxide 10 Å thick for calibration. The remarkable result is the
absence of any measurable SiO2-related features at the TO
~1050 cm21! and LO ~1200–1250 cm21! frequencies of SiO2
for both crystalline and amorphous Gd2O3 samples. With a
noise of 0.0001 absorbance unit and using the spectra of a 5
Å thick chemical oxide as calibration, we establish an upper
limit of 0.1 Å for the effective thickness of a potential SiO2
layer at the interface. Such thickness represents much less
than a SiO2 monolayer, indicating a lack of silicon oxide
segregation. This is in sharp contrast to the IR spectra re-
corded for Ta2O5 films, clearly showing SiO2 segregation at
the oxide/Si interface.23 On the basis of this observation we
conclude that our gate dielectric layer is made entirely of the
rare earth oxide Gd2O3 or Y2O3, free of SiO2 formation. This
finding is important in the sense that a significant thickness
budget for effective oxide thickness is saved by not having
formed a SiO2 layer, or a reacted interfacial layer.
E. Scanning transmission electron microscopy
The absence of SiO2 formed at the dielectric/Si interface
is also confirmed directly by the cross section images of
STEM. The images were taken in the annular dark field
~ADF! to directly image the film chemical composition. The
high-angle ADF signal is dominated by Rutherford-like scat-
tering to large angles, resulting in a signal that is strongly
dependent on density ~r! and atomic number (Z), scaling
roughly24 as rZ1.7. Consequently, SiO2 will appear darker
than Si in an ADF image, while gadolinium oxide or silicate
will appear brighter than Si. In fact, a single Gd atom scatters
as strongly as 13 Si atoms. As a typical STEM sample is
FIG. 5. Infrared absorption spectra ~60° incidence transmission! of four
different Gd2O3 films ~capped by amorphous Si! in the SiO2 spectral range.
The dashed spectrum is associated with a total of 10 Å SiO2, formed by
RCA cleaning ~i.e., 5 Å on each side! taken in similar conditions. The large
fluctuations centered at 1106 cm21 in the hatched area are the result of
thickness differences ~and therefore variations in total interstitial oxygen
content in the bulk of the Si substrates! between the samples and the
reference.loaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP liabout 100 silicon atoms thick, a single Gd atom is detectable
in Si or SiO2, even with 10% noise levels ~2%–5% is more
typical!. Figures 6~a! and 6~b! are the STEM cross sectional
images for a crystalline and an amorphous Gd2O3 film grown
on Si ~100!, respectively. The films were about 45 Å thick.
Atomic sharp boundary at the Si interface and uniform di-
electric layer thickness was observed for the amorphous
case. No evidence is found for SiO2 formed at the
dielectric/Si interface ~it would appear as a dark band!. In
comparison, the crystalline Gd2O3 film of two domain
growth showed a definitely rougher interface, and a larger
variation in the film morphology. The typical grain size is of
the same order as the film thickness ~20–40 Å!. The upper
surface of the c-Gd2O3 film was extremely rough from the
faceting of individual grains, sometimes as much as 50%
variations in thickness. Nevertheless, no SiO2 formation is
detected either.
FIG. 6. Cross section scanning transmission electron micrographs in the
annular dark field mode for ~a! a two domain crystalline Gd2O3 film 45 Å
thick, and ~b! an amorphous Gd2O3 film of similar thickness. The bar scale
corresponds to 20 Å.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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DownV. ELECTRICAL PROPERTIES
The electrical properties including the current–voltage
and capacitance–voltage results were reported previously.15
Briefly, the attainment of single domain epitaxial films has
largely removed the domain boundaries, and led to substan-
tial leakage current reduction. For example, a single-domain
Gd2O3 film 45 Å thick (k511) showed an improved JL of
1024 A/cm2 at 1 V and a teq of 16.5 Å. Another thinner
single-domain film 34 Å thick (k59) showed a JL of
1023 A/cm2 at 1 V and a teq of 15 Å. The amorphous Gd2O3
and Y2O3 films with smoother morphology showed repro-
ducibly better electrical leakage than the crystalline films. A
very low leakage of 1026 A/cm2 at 1 V and a specific capaci-
tance as high as 35 fF/mm2 ~with k518) were obtained for
an amorphous Y2O3 dielectric film 45 Å thick, corresponding
to an equivalent SiO2 thickness of 10 Å. We also deduce
from the C – V curves an estimate of the interfacial state
density D it at the midgap about 1011 cm22 eV21.
The leakage currents of both epitaxial and amorphous
Gd2O3 and Y2O3 films show time dependent relaxation at
room temperature. The current density J after a 2.0 MeV/cm
electrical field step showed a power law time dependence at
room temperature with J5const t2m, and m50.92 for both
charging and discharging the capacitors.25 This power law
current relaxation is a well-known phenomenon in insulators,
and is usually identified as a property of disordered amor-
phous films, or even polycrystalline films.
It is instructive to plot the data of JL at 1 V as a function
of the equivalent oxide thickness teq for crystalline Gd2O3
and Y2O3 films, and amorphous Gd2O3 and Y2O3 films,
along with the data of amorphous SiO2 gate oxide for
comparison.26 As indicated in Fig. 7, the crystalline rare
earth oxide films typically offer a reduction of leakage by
about four orders of magnitude for a teq in the range of
10–20 Å. The amorphous rare earth oxide films, especially
Y2O3 films, gained another two orders of magnitude of leak-
age reduction. On the basis of the electrical leakage data, the
amorphous Y2O3 films would definitely compete very favor-
ably as a replacing gate dielectric for SiO2.
FIG. 7. Leakage current density JL vs equivalent oxide thickness teq for
crystalline Gd2O3 film ~j!, crystalline Y2O3 film ~d!, amorphous Gd2O3
film ~h!, amorphous Y2O3 ~s! film, and amorphous SiO2 film ~n!.loaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP liVI. POSTANNEALING TESTS
A. Electrical properties
One of the critical tests for the dielectrics is the thermal
stability to temperatures as high as 950 °C, and this is the
typical processing temperature for activating the Si dopants.
The initial tests using rapid thermal anneals ~RTA! in He to
850 and 950 °C for one min resulted in substantial degrada-
tion of electrical properties. The decrease of both capacitance
and electrical leakage suggests the possible growth of dielec-
tric layer thickness, or the formation of a SiO2 layer due to
chemical reactions taking place at the interface.
Subsequently, by reducing the ramp rate in the heating
cycle to about 2 C/s, the dielectric films showed little
changes in the I – V’s. Figure 8 compared the electrical leak-
age JL as function of bias voltage for 40 Å amorphous Y2O3
film on Si with and without the RTA to 950 °C in He using a
slow ramp rate of 2 C/s. Very little changes in leakage are
found, suggesting the stability of the Y2O3 film under these
postannealing tests.
B. X-ray photoemission spectroscopy
The chemical composition of the dielectric Gd2O3 and
Y2O3 on the Si structure was analyzed by x-ray spectroscopy
~XPS!. Al Ka radiation ~1486.6 eV! was used to excite the
photoelectrons which were detected with a hemispherical
analyzer with energy resolution ,0.2 eV.
The as-grown unprotected rare earth oxides of Gd2O3
and Y2O3 films on Si formed hydroxides readily upon expo-
sure to room air. Both Y 3d and O 1s spectra showed the
superposition of Y2O3 and Y~OH!3 components. The hydrox-
ide could be recovered to rare earth oxide by heating the film
to ;400 °C in vacuum. By depositing a Si layer ;100Å
thick in situ over the rare earth oxide surface, we found that
formation of the rare earth hydroxide could be prevented.
Typical XPS spectra of Y 3d , Si 2p , and O 1s as a function
of binding energy for a structure made of
Si(100 Å)/Y2O3(50 Å)/Si, after light Ar1 sputtering re-
moved approximately 50 Å, are shown in Figs. 9~a!–9~c!,
FIG. 8. Leakage current density JL vs voltage for amorphous Y2O3 film 40
Å thick on Si after forming gas annealed at 425 °C ~h!, and forming gas
annealed at 425 °C plus 950 °C RTA with a heating rate of 2 C/s ~s!.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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Downrespectively. The intensities of the Y, Si, and O peaks pro-
vide a determination of the chemical composition. The as-
deposited, unannealed film, as shown by the solid trace gave
a composition ratio ~in atom! of Y to O of about 1.4, close to
the ideal stoichiometry. There is evidence for a minor
amount of SiO2 in the Si Si 2p emission, probably from the
interface between the Si overlayer and the rare earth oxide.
FIG. 9. ~a! Y 3d spectra, ~b! Si 2p spectra, ~c! O 1s spectra vs binding
energy for a Si(100 Å)/Y2O3(50 Å)/Si structure. The as-deposited film is
denoted by the solid curve, the forming gas annealed film at 425 °C for 30
min by the dashed curve, the N2 annealed at 850 °C for 15 min by the dotted
curve, and the O2 annealed at 850 °C for 15 min by the dash-dotted curve.loaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP liAnnealing of these films was carried out in a furnace of
flowing gas through a heated zone. The spectra for the form-
ing gas-annealed film at 425 °C for 30 min and the N2 an-
nealed film at 850 °C for 15 min are shown by the dotted and
dashed curves, respectively. The oxide appears to be stable
with no evidence of reaction with the underlying Si sub-
strate. There is some minor reduction of Y2O3 under these
reducing environments, as indicated by the presence of a
small metallic Y component ~evident at lower binding en-
ergy! in the Y spectra. The intensity also shows a slight
decrease in the Y to O ratio to 1.2.
As shown by the dash-dotted curve, the oxygen anneals
at 850 °C for 15 min led to a drastic change in the spectra.
The Si substrate was substantially oxidized, and formed
SiO2. This is consistent with the shift toward higher binding
energies for the oxygen of SiO2 in the O spectrum. There
also appears to be a small shift in the Y-oxide spectra toward
higher binding energies. One possibility is the formation of
Y-silicate in such a highly oxidizing environment. With the
present resolution, it is not easy to clearly differentiate be-
tween Y in the oxide or in the silicate.
Our electrical data and XPS results have thus shown that
the amorphous earth oxides Gd2O3 and Y2O3 on Si remain
quite stable under the high temperature annealing tests in
common inert atmospheres. The thermal stability of these
dielectrics adds another attractive feature to be seriously con-
sidered for application.
VII. CONCLUSIONS
In summary, investigations of the rare earth Gd2O3 and
Y2O3 dielectric films have demonstrated many attractive fea-
tures satisfying the requirements for gate dielectric applica-
tions. The absence of SiO2 at the dielectric/Si interface leads
to a significant thickness saving for the overall dielectric
layer. The excellent electrical leakage especially shown by
the amorphous Y2O3 films and the thermal stability against
high temperature postanneals offer competitive advantages
over SiO2 or other high k dielectric candidates. On the basis
of these results we suggest that Gd2O3 and Y2O3 are viable
dielectric materials to be considered for future Si electronic
devices including MOSFETs and MOM devices. Better un-
derstanding of the leakage conduction mechanism and con-
trol of the interfacial structures are needed in order to inte-
grate these materials into semiconductor processing.
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